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TP1, a FORTRAN-IV program based on transport theory, has been
developed to determine reactivity effects and kinetic parameters
such as effective delayed neutron fractions and mean generation
time by applying the usual perturbation formalism for one-dimen-
sional geometry. Direct and adjoint angular dependent neutron
fluxes are read from an interface file prepared by using the one-
dimensional Sn-code DTK which provides options for slab, cylindri-
cal and spherical geometry. Multigroup cross sections which are
equivalent to those of the DTK-calculations are supplied in the
SIGMN-block which is also read from an interface file. This block
which is usually produced by the code GRUCAL should contain the
necessary delayed neutron data, which can be added to the origi-
nal SIGMN-block by using the code SIGMUT.
Two perturbation options are included in TP1: a) the usual first
order perturbation theory can be applied to determine probe reac-
tivities, b) assuming that there are available direct fluxes for
the unperturbed reactor system and adjoint fluxes for the perturbed
system, the exact reactivity effect induced by the perturbation
can be determined by an exact perturbation calculation. According
to the input specifications, the output lists the reactivity
contributions for each neutron reaction process in the desired
detailed spatial and energy group resolution.
Since the DTK the somewhat approximate assumption of fission spec-
trum is used to calculate the criticality factor, TP1 derives an
appropriate correction taking into account the individual fission
spectra of the various isotopes. By this means it is possible to
determine an improved criticality factor which is close enough to
the exact value for almost all practical applications.
Numerical examples are presented to demonstrate the sensitivity
of the calculated reactivity results with respect to the values
used in DTK for the accuracy criterion, the number of ·spatial mesh
points and the order n of the Sn calculations. The reactivity ef-
fects obtained from TP1 are compared with corresponding results
from one-dimensional results given in the literature for the
reactor model used for the present calculations.
TP1, ein Rechenprogramm zur Bestimmung von Reaktivitätswerten
und kinetischen Parametern durch eindimensionale Neutronen-
transport-Störungstheorie
Zusammenfassung
TP1 ist ein FORTRAN-IV Programm, das unter Benutzung transport-
theoretischer Methoden nach den üblichen Verfahren der Störungs-
theorie Reaktivitätseffekte und kinetische Parameter, wie den
effektiven Anteil der verzögerten Neutronen und die mittlere Ge-
nerationszeit, bestimmt. Die benötigten, direkten und adjungier-
ten winkelabhängigen Neutronenflüsse werden auf einer Zwischen-
datei als Ergebnis einer eindimensionalen Sn-Rechnung mit dem Pro-
gramm DTK erwartet, das die Behandlung von Problemen in Platten-,
Zylinder- und Kugelgeometrie ermöglicht. Ebenso wie in den DTK-
Rechnungen werden die Multigruppen-Wirkungsquerschnitte aus dem
SIGMN-Block von einer weiteren Zwischendatei eingelesen. Für TP1-
Rechnungen muß dieser Block, der im allgemeinen von dem Programm
GRUCAL erstellt wird, die erforderlichen Daten für die verzögerten
Neutronen enthalten. Diese Daten können mit Hilfe des Programms
SIGMUT dem ursprünglichen SIGMN-Block angefügt werden.
TP1 enthält die beiden unterschiedlichen Störungstheorie-Optionen:
a) Störungstheorie erster Ordnung zur Bestimmung des Reaktivitäts-
effektes von Materialproben, b) exakte Störungstheorie zur exakten
Ermittlung der durch eine Störung verursachten Reaktivitätsänderung,
wobei die direkten Flüsse für das ungestörte Reaktorsystem und die
adj~ngierten Flüsse für das gestörte System bereitgestellt werden
müssen. Abhängig von den spezifizierten Eingabegrößen werden in der
Programmausgabe die Einzelbeiträge zum Reaktivitätseffekt nach Neu-
tronenreaktionen, Energiegruppen und Ortsabhängigkeit aufgegliedert.
Da DTK den Kritikalitätswert unter Benutzung der Näherungsannahme
eines isotopenunabhängigen Spaltspektrums bestimmt, berechnet TP1
eine entsprechende Korrektur, die den Einfluß der für die einzelnen
Isotope unterschiedlichen Spaltspektren berücksichtigt. Dadurch kann
ein verbesserter Kritikalitätswert ermittelt werden, der für fast
alle praktischen Anwendungen den exakten Wert genügend genau appro-
ximiert.
Die numerischen Beispiele zeigen die Abhängigkeit der TP1-Reakti-
vitätswerte von den in DTK benutzten Werten für die Genauigkeits-
abfrage, die Anzahl der Orts-Maschenpunkte und die Ordnung n der
Sn-Rechnungen. Die mit TP1 berechneten Reaktivitätswerte werden
mit entsprechenden Resultaten einer Diffusions-Störungsrechnung
sowie mit den in der Literatur verfügbaren experimentellen Resul-
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This report describes transport perturbation theory for reac-
tivity, the details and the use of the one dimensional per-
turbation code TP1 and some nurnerical results.The transport
perturbation theory is already estnblished1), and in chapt II
is given a full detail of the equations for the calculation
of the reactivity, effective neutron generation time and de-
layed neutron fraction in TP1 code.
The code TP1 uses the direct and adjoin·t angular fluxes from
the one dimensional S transport code DTK. In the present ver-n
sion of this code, use is made of a fission neutron spectrurn
which is independent of the fissionable isotope. It is found
that the correction factor to the criticality factor to take
into account the effect of the isotope dependency of fission
neutron spectrurn and the delayed neutron spectrurn can be cal-
culated by using perturbation theory. This theory is also
described in chapt II and is incorporated in the TP1 code in
which the corrected criticality factor is printed by the in-
put option. In chapt III are given the details of the prograrn
and input description, and in chapt IV sample calculations are
given to dernonstrate the accuracy of the reactivity with respect
to the error criterion used in the DTK code, the effect of the
number of mesh points and the order of S methode Comparison
n




We write the transport equation for the perturbed system as
/1/, /2/
= 1 -+ -+(G + k F )f (r,O ,t)o p g m






where in operator notation
-(0 v)
.. -+ -+ ,
G = - r tg + r 60m' r r (0 ,g+O "g)m ro' g' s m m
1 xj r (v rf)j,
-+
F = 4lT r r 60 ,P j g g' p g , mm










v : neutron speed of the g-th group,
g
fg: angular flux of the g-th group
Ci: delayed neutron precursor population of i-th delayed group
..
r tg : total cross section including leakage term approximated
by using Buckling,
r tg : total cross section,
r cg capture cross section,
- 7 -
t fg : fission cross section,
t : scattering cross section,sg
D: diffusion coefficient,g
8 2 : buckling,
(nm~): leakage operator, but the leakage approximated by Dg B
2
should be treated separately,
t (n ,g +n " g , ) :s m m
-+
the scattering cross section from Gm' and g'
-+
to n and g,m
the fission cross section times the number of prompt
neutrons produced by the isotope j,
the fission cross section times the number of delayed
neutrons of i-th delayed neutron group for the isotope
j. If v~ is ind~pen~ent of th~ fission energy, it can
be written as ß~Vlf-J, where ß~ is a i-th group delayed
~ g ~
neutron fraction for the isotope j.




X. : the delayed neutron spectrum produced by i-th delayed group
~g
precursor,
A.: the decay constant of i-th delayed group precursor.
~
The indices g, i, j and m always indicate the energy group, the
delayed neutron group, fissionable isotope and the angular
direction respectively. Summation over i always indicates sum over
all delayed neutron group, j over all fissionable isotope and m
over all angular directions. As boundary conditions for the angu-
lar flux, vacuum, reflective or periodic conditions can be used
at the outer most boundary. The initial condition for Eqs. (1)
and (2) is that the angular flux and precursor populations should
be given at t=O.
We assume that for the unperturbed system, the following equations
hold:
(G O + 1 pO)f (-+r A) + ""X 'co(-+r) = 0k p kog , H t.. /\. •° i ~g ~ ~ ( 7 )
= 0 (8 )
- 8 -
where the suffix "0" is used to characterize the quantities
of the unperturbed system. Eliminating Aic~(r) in Eq. (7) and
using Eq. (8), we get
(9 a)
where
The static equation for the perturbed system is
( 10)
1 -+ :t"
(G + k P) f
k9
(r,ll) = 0 (9b)
Adjoint equations for Egs. (9) are




where GO+, pO+, G+ and p+
G and p respectively, and
G = GO + <SG
P = F O + <sP
are the adjoint operators of GO, pO,
( 12)
( 13)
Eqs. (9) and (11) are solved by DTK code using the boundary
conditions for the angular flux: vacuum , reflective or periodic.
Multiplying Eq.(9a) by f~g and Eq.(11b) by f kog ' subtracting
the resulting equations and integrating over space and solid









where the notation < > indicates
= ( 15)
There is also another definition of the reactivity, the asymptotic
period reactivity defined by Henry /2/, which is discussed in Appen-
dix I.




Substituting Eqs. (16) and (17) into Eqs. (1) and (2), we obtain
= ( 18)
Multiplying Eq. (8) by f~g(r,n) and
the difference of the resulting two
space and solid angle, we obtain
Eq. (11 b) by f (r ,0), takingwg
equations and integrating over
p = ( 19)
vlhere
1 1




+ 1 f<f k >A v w= +<f F f >k w
and
+ f<fk Xig F. >
Si





Eq. (19) is the reactivity which gives the asymptotic period,
if the static reactivity p is given. I and Bi may be called
as the effective generation time and the effective fraction of
the delayed neutron of i-th delayed group, respectively.
For the analysis of pulsed neutron experiments, other definitions
for the generation time and the delayed neutron fractions are
necessary. These are given e.g. in Ref./3/. Further, we can
define other kinds'of reactivities: the Reactivity Factors, the
Inherent Reactivity Factor and the Reactivity Integral. They
can be obtained by making small modifications to the subroutines
of the TP1 code in which cross section differences and reactivi-
ties are calculated. These modified quantities might be helpful
or sp€'~ifically suited for the interpretation of certain kinds
of experiments as mentioned e.g. in Ref./4/.
1) Definition of reactivities for each reaction process
From Eqs. (3) - (5), the numera tor of Eq. (14) becomes
1 A I: ön , E oE (rz ,g+O' "~gI)oG + öF = -oI: +k tg , m , s m m
0 m 9
1 E xj Eö(v Lf ), L ö1'2 I+ 47l'k j 9 g' P 9 m' m0
1 i -+
+ 47l'k L Xig L Ö(VdLf)g' L öOm' (23)
0 i g' m'
- 11 -
Ne define the group and space dependent static reactivity
for each reaction process as follows:
-+ A n + -+ n -+ n (capture)Pcg (r) = -öl: l:l1 f k (r, )fk (r, )/[F]cg m m g m og m
-+ - 15 l: f l: l1n f ~ (r,n )f k (r ,n )I [FJ (fission)Pfg(r) = m'g m og mm








(scattering out + in) (29)
(scattering in from g-1) (30)
-+
Pfsg (r) l: 15(" l:f)j,
g' P g
~, l1nm, f kog , (t, nm, ) / (41Tko [F] )
(fission source) ( 31)
-+ -+ + -+ -+ j j
Pafg(r) = ,:; l:M2 f k ,(r,O ) (l:X ,15(" l:f)g' m g m. g p gm J
i -+ -+-+ []+ l:X· I Ö ("dl:f) ) l: l1Q ,fk (r,Q ,)/(41Tk F). l.g g , m og m 0l. m
(adjoint fission source)
-+ -+ -+ -+
Pg(r) = Prg(r) + psig(r) + Pfsg (r) (total)
(32)
( 33)
·1 -+ + -+ -++ - ~AV (~ ~Af'\ f ( f'\)4 L.U L. L.UH k r ,u l:1T P P g m m g p m i
[F] =
4
\T" l: l1 V (l: l: Mi f
k
+ (r ,~ ) l:
P P g m m "g p m j
(34)
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The scattering out and scattering in means the scattering in
and out Vlith respect to the group and angle variables. There-
fore, these terms include within group scattering term, that
is different from the perturbation expression by the diffusion
equation. In the TP1 code, the scattering cross section is
calculated as the difference of the total cross section and
absorption cross section. (Scattering out and in) in Eq. (29)
neans the net scattering.
Summation over group gives the space dependent, but grou~
independent reactivitYi
, (a is a suffix for each process) (35)
Integration over space gives the group dependent, but space
independent reactivitYi
where ~Vp is a vol~~e element.
Summation over energy group and integration over space gives




p = r r p (rp ) ~Vpa g p ag for each reaction.
(37)
In the DTK code, the transport cross section is used for the
total cross section. Therefore, the scattering cross section
r is replaced by (1-;)1: ,where ~ is the average eosine ofsg sg
the scattering angle.
Thc scattering cross section should be expanded by the spheri-
cal harmonics functions in the same form as in DTK /5/ and
SNOW /6/ code:
- 13 -




1 s 1 ~
= 4lT L (21+1) Lsl L Y 1 (fl) Y* (nI)1=0 m=-l m 1m
where Pl(~) is Legendre polynomial of l-th order and
( 38)
= [
(l-m) !] ~ im<!>




I I (fl) dfl
olm m = ( 40)
( 41)
Plm(~) is an associated Legendre polynomial and the notation *
indicates a complex conjugate. Sirnilarly, we expand the angular





The spherical harmonlCS moment f (r) is given by
~ ~ ~ ~
! dfl Y1m (fl) f (r , fl)
= !dn [J.z. Plm (cosS) (cos m'P - i sin m~) f (~, n)
In the one dimensional cylindrical geometry, the following




Using this relation in Eq. (42),
1
1
flm(r)-+ 00 yim (n)f(r,e,-~) = 4;T I: (21+1) I:
1=0 m=-l
1 1 fl,-m(~)00 (21+1) (_)m Ylm(n)= I: I:41T 1=0 m=-l
From this equation, we obtain
(45)







f*lm (~) Y;m (n)
00
(21+1 )= 4iT I: I:1=0 m=-l
1 1 f *l,-m (~)00 (21+1) (_)m Y1m (0) (47)= 4iT I: I:1=0 m=-l
Then, the following relation holds for all geometries:
= (48)
Therefore, only the real term is kept for the cylindrical
geometry of one di.mension;
= (49)
+ -+-+
The same result holds for fkg(r,n).
- 15 -
2) Spherical harmonics functions
In the slab and spherical geometry of one dimension, only
Legendre polynomials are used. In the cylindrical geometry,
according to the reference /7/, we set (Fig.1),
II = sine coscp n = sine sincp ~ = cose ( 50)
( 51 )
In general, cos~ = __ll_ =sine (52 )
tancp =.!l = 11-112_~2
II II
(53 )
These relations are identical with those given in Ref. /5/.
The spherical harmonics functions defined by the following
equation
= [2(1-n) !J~ p (~) cos nep
(l+n) !J In m m for 1>1 (54)
are transfered from the DTK code from the array CL (MM,NM) •
yln(e,cp) is assumed to be stored in the order shown in the
Table 1.
3) Explicit expression for reactivity, effective neutron generation
time and effective delayed neutron fraction
Using the expansion of scattering cross sections and angular















r ~ r s1 (g+g-1} r1'=0 m=O
(56)
= f +Oo(-+r} 0 ('" j ö( }j
kg j Xg ~, \) p r f g'
(57)
-+ +00 -+ j r }jPafg(r} = r f k ,(r}o(r Xg , ö("g' g . p f gJ
i
rf)g} 00 -+ [ ~ (58)+ r Xig , ö("d f k (r}/(41Tk F)i og 0
ß"J = 41 1T r~v r fk+OO(~ }. (r xj r ("p rf}gj,
p p g g p j g g'
+ r Xig r
i g'
(59 )
.&: (-+ -+) -+ -+Approximating ~wg r,n by fkog(r,n) in Eqso (21) and (22), and
using Ego (42), Egso (21) and (22) become
A 1 (r -+ + -+ -+ f k (-:,n )} / [F] (60)= r~v r MI f k (r ,n )p p v m -g p m og p mg g m
-j





ßi - r « v d f kog I (rp ) ) / [F]P P g kg P g'
- -j
Bi = ~ Bi (62)J
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4) Dependence of the equation on geometry
The volume element ßV , the weight of the solid angle wand the
p m
number of unvanished spherical harmonics moment are dependent on





= ßX ,p w = 21TßlJm m (63)
for ri=O, for n+O (64)
b) Cylindrical geometry
ßV = 1T (r 2 - r 2 )p p+1 p' (65)
for l+n = even, for l+n odd. (66)
c) Spherical geometry
(67)
for n=O, for n+O (68 )
5) l\ comment on the change of the buckling and size of rcactor
If the height of
to H, thc change
buckling is
the cylindrical reactor H , for example, is changedo .
of the leakage term approximated by using the
- 18 -
(69)
where thc extrapolation length d=O,71 Atr , At = ~1r L. tr
Here we have assumed for simplicity reasons that the upper and
lower extrapolation lengths are identical.
If the size of the reactor changes, for exam9le, by the change of
tegperature, we can treat it in the perturbation calculation by
considering the expanded svstem from the beginning and regard the
outerrnost region as void or the region filled with some appropriate
substance. Then the expansion of the system may be treated as the
change of material filled, narnely, the change of cross sections.
Additional rernarks on the treatment of movernents of region bound-
aries can be found in the work of Sturnbur /3/, /4/.
The one dimensional S transport code DTK solves the equationn
(70)
for the unperturbed system, where an isotope independent fission
spectrum X is used in the fission source term of the presentg
version of the code,
pi
o = 1 1:41T Xg gl , (71 )
instead of isotope dependent fission spectrum and delayed neutron
spectrum in Eq. (10).
In order to calculate a correction to the criticality factor to take
into account the isotope dependency of the fission neutron spectrurn
and the delayed neutron spectrum by the perturbation method, \'1e con-
sider the adjoint equation to Eq. (1),
(G





Multiplying Eq. (70) by f k+ and Ea. (72) by f k' , subtracting theog - og
resulting equations and integrating over space and solid angle, we








= 1k o '
f + oFo ... ,< k ":k >
o 0 (73)
FO = 1 [r xj r (v r ) j + r X r (vdir
f
) ,J ° r ~n
~ j g g' P f g' i ig g' g rn' m'
(74)
(75)
Therefore, if we calculate p' by Eq. (73), we can obtain the exact






In practice, we must usc f~' in Eq. (73) which is obtained from the
DTK code solving the equatign
(77)
+ ~ ~
instead of f k (r,O).o
Usually, the difference oFo is small and then the difference bet~~een





rnay give a value for pi which is sufficiently accurate for practical
purpose. This fact is numerically confirmed by the sarnple calcula-
tion as shown in chap. IV.
In the TP1 code, pi is calculated by the equation
1 < f~+ cF
f I >
pi = k'
k o öF = F - F O '
< f 1+ I
,
0 F f k >k 0
(79)
,~here F is the fission operator including isotope dependent fission
spectrum and f~+ is the adjoint angular flux for perturbed system
with the fission operator F
I
• Therefore, the perturbation should be
small to obtain pi accurately i narnely, if the perturbation is
small enough, Eq. (79) becomes a close approximation to Eq.(78).
IIr. COMPUTER PROGRN1
- 21 -
One dimensional S trans~ort perturbation code TP1 calculates
n
two cases: Exact perturbation and first order perturbation. TP1
reads direct and adjoint angular flux and cross section tabe from
the disk (IDTK) written by the DTK Sn code. Further,fission spec-
trum, fission cross sections of isotope dependent and delayed
neutron data are read from the disk (IGRUC) written by the group
constant generation code GRUCAL /8/ and the SIGMUT code /9/ by
which the delayed neutron data is arranged. One cross section
table used in DTK code should contain cross sections for all mix-
tures and probe cross sections which are used in the perturbation
calculation by TP1.
If the direct angular flux is calculated using unperturbed cross
section by Eq.(70), and adjoint flux using perturbed cross section
by Eq. (77), in DTK code, and if the option of exact perturbation
is chosen in TP1, the cxact reactivities defined by Eqs. (24) -(33)
are calculated. In this case, the net reactivity calculated from
b th . t . 1 . t f t b 1 1 h ld' .. 1 bo cr1 1ca 1 y ac ors y p = k
o
- k s ou , 1n pr1nc1p e, ecome
identical to the one by the perturbation calculation of Eq. (39) •
However, there might be a small difference between them. In TP1 code
the fission source term F is calculated using isotope dependent
prompt fission neutron spectrum and delayed neutron spectrum as
seen in Eq. (10). On the other hand, in the source term of Eg. (70)
and (77) of the DTK code, only one isotope independent prompt neu-
tron fission spectrum is used for all regions and mixtures of thc
reactor. This may give rise to a small difference, perhaps less
than 0,1%, between both reactivities obtained by the criticality
factors and perturbation calculations.
If the dircct and adjoint angular fluxes are calculated using the
same cross sections, and if the option of probe perturbation is
chosen, thc reactivity due to the change of the original cross
sections by the mixture of the probe is calculated in the speci-
fied region by the first order approxination. In the code, the
diffcrencc of thc cross sections bet~ecn that uscd for the calcu-
lation of direct angular flux and the probe rnixture cross section
- 22 -
is used to calculate thc probe reactivity. If the cross sections
used for adjoint angular flux is different from the one used for
direct angular flux, ho\Vever, if the difference is small, the reac-
tivity of the probe perturbation may be obtained in good accuracy.
All reactivity obtained by Eqs. (24) -(33) are printed in group and
space dependent form according to the option choosen in the TP1 in-
put. The e~fective delayed neutron fraction ßi and isotope dependent
fraction elgiven by Eqs. (61) and (62), and generation time given by
Eq. (60) are always computed and printed.
A corrected criticality factor \Vhich takes into account the isotope
dependency of fission neutron spectrum and the delayed neutron
spectrlli~ is calculated and printed by the input option.
The computation is performed by using the codes GRUCAL, SIGMUT, DTK,
which are modules of the KAPROS system, and the transport perturbation





computes all specified cross sections in the form of
SIGMN file for the unperturbed and perturbed systems,
and writes the SIGMN file on a disk, IGRUC.
reads the delayed neutron data from card input and
computes delayed fission cross section and adds this
to SIm.1N file on the disk by using KAPROS utility.
computes first the direct angular flux and criticality
factor and then the adjoint angular flux and criticality
factor by using the cross sections from the disk written
by GRUC~, and writes them on the disk IDTK. This inter-
face file is created only by the latest version of DTK
within KAPROS system /10/.
reads the dircct and adjoint angular flux and cross sec-
tions from the disk written by DTK. Adjoint angular flux
is calculated and written in DTK code in inverse order
with respect to the group and angle indexes. Therefore,
- 23 -
at the beqinning of the computation, the order of
the adjoint angular flux read from the disk is in-
verted with respect to group and angle indexes. TP1
reads also isotope dependent fission cross sections
and delayed neutron data from the disk written by
the GRUCAL and the SIGMUT codes. Then exact pertur-
bation or probe perturbation calculations are per-
formed.
1) Subroutines used in TP1














Dimensions of the working arrays A and IA are
declared.
All input data to TP1 are read from cards.
Following data are read from the disk IOTK writ-
ten by DTK. After reading, these are printed.
All notations given here and in the following
follow closely those of the DTK code /3/.
Order of anisotropic scattering
Quadrature order, 2,4,6, ... , etc.




Total number of cross section table
N~~ber of mixtures
Number of spherical harmonics moments. Nr:I=1 for
ISCT=O, and N~=ISCT for ISCT~1 and IGE=1,3.
NM=ISCT(ISCT+4)/4 for ISCT~1 and IGE=2.
=ISN+1, if lGE=1,3. ~1=IS~(lSN+4)/4, if lGE=2.
- 24 -
IHS: Location of selfscattering cross section,
(IHS=6)
IHT: Location of total cross section, (IHT=5)
Iill1: Length of cross section table, (nr'1=IHS+IGH-1)
HBR: Index for buckling
BF: Bucklin(; factor
XT: = 2Z o = 2 x 0,7104
d) REDTK2: If MBK+O, the following data are read from the
disk IDTK written by DTK, first for unperturbed
and next for perturbed system.
If MBK=O, this record does not exist on the disko
DY: Buckling height (in cm) for slab and cylindrical
geometry if MBK=1
DZ: Buckling height (in cm) for slab geometry, if
HBK=1
BK (IG~1) : If r·lBK=-1 or -11
BK(IZM,IGM): If MBK=-2 or -12
e) REDTK3 : Follm'ling data are read from the disk IDTK wri t-
ten by the DTK.
HA(H1): Integers defining which zone aspace cell is in.
IAL(MTP) :
\V (n.'1) :
CL (m·1, NH) :
Mixture index
W , Quadrature weight for the integration over
m
solid angle.








r i , ~eshpoint, IMP=IM+1. After reading
is replaced by R(I)=(r i +ri +1)/2.
IPLATZ(MTP): Location of o-th order scattering cross section
in cross section table C.
C(Im'l,IGr-1,HT): Cross section table.






MZ(IZM), location of isotropie scattering cross
section of cross section table, are read from
the disk IDTK written by DTK first for unper-
turbed ans next for perturbed system, and IZ(IZM)
are computed for unperturbed and perturbed system.
First criticality factor k o and angular flux
FKO (IMP ,~ll1, IGB) for unperturbed syste.!n and then
those for perturbed system are read from the
disk IDTK written by the DTK.
This subroutine is taken from DTK code, and is
rewritten such that the progra~ for the preparatior.
of cross section table C is deleted and only the
SIGMN file prepared by GRUCAL and SIGMUT is read
from the disk file IGRUC to the core memory to
prepare delayed neutron data for P~ADD.
This subroutine is the same as that used in the
DTK code. This code is used in READD to read cross
sections from SI~~N file.
j) READD: Following data are read from the core memory pre-
pared by LIES2.
SNFTJ(IGM,IFH,MTP) = (\lI:f)~ Number of total fission
neutrons times fission
cross section of j-iso-
tope,




Number of i-th group de-
layed neutrons times fis-





of ~-th delayed neutron
group,
where !'1TP, IFM and Imt are Number of mixtures , NtL'11ber of fissile
isotope and ~Iumber of delayed neutron groups, respectively.
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After reading these data, the follo~ing cross sections are
cOI':1puted.
SNFP(IGH,HTP)










This subroutine is used to I':1ake array set zero.
Print one dimensional array,
Print two dimensional array
Print three dimensional array.
penominator [p], effective generation time and delayed
neutron fractions are computed.
Reactivities for each process are com~uted and printed.
Buckling leakage term is computed.
Adjoint angular flux is inversely reordered with respect
to the indices for group and angular direction.
2) Buckling correction
The loss of neutrons by leakage can be treated approximately by using
a Buckling. This is done in the following way:





= "3 +Gr~ ~t + 2Z o )2 (L Lt +Y r z r
1for x-y-z geometry, where Zo=O,7104 and Atr= ---, and Land L areEtr y z
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the thicknesses of the reactor to x and y directions in units
of cm. The leakage ~n the r-direction in r-z geometry is
= 1 (2,405 ) 2
3I: tr + Z 'r 0 0" tr
= 2,405
2 1I: tr .-'----
3 ( r 0 I: tr + Z0 ) 2
In the code, the following notations are used:
SRI (IZr·l,IGH) = BF20AZ [(DY.AZ + XT) -2 + (DZl\Z + XT) -2J
'tlhere AZ = I: tr
BF
1T
XT 2Z o DY L DZ L for= - = , = = x-y-z geo-
13 y z metry,
and
BF = 2,405 XT = Zo DY = r o for cylindrical geo-
13 metry.









Name of fissile isotope.
Integers defining which zone aspace cell
is in.
Location of the o-th moment of scattering
cross section in the cross section table C
for each zone (unperturbed system)
MZ(IZM) for perturbed system
Hixture index
Location of the o-th moment of scattering
cross section in the cross section table C
for each mixture.
Hixture index for each zone (unperturbed
system)
IZ(IZM) for perturbed system






= X , Isotone independent fission spectrumg
used in DTK.
,
C ( I ill1 , I GM , HT) : cross section
mC(1,G,N)=L trg








vlhere L=;-IA (I) , H=ABS (I Z (L» and N=IPLATZ (.~.1) ,
and I is an index for space mesh point. M=m
is mixture index. In the present code, IHS=6.
SNFDJ(IGM,IDM,IFM,MTP)
SNFD (IGH, IDM ,MTP) =
SNFTJ(IGM,IFM,MTP) =
SNFPJ(IGM,IFM,MTP) =















SHFD (IDM) : Temrmrally
S~FDJ(IFM,IDM,MTP): Temporally














FKD ('DIP ,:·11\1, IGM) -+= f k (r.,n)og l-m After the angular fluxes at
the mesh points are read from
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the disk IDTK, the average values
for mesh intervales are calcula-
ted;
1 -+
FKO (I,H,G) = -2 (f k (r. ,n )og 1 m




















+ f} (r . +1 ,n ».mg 1 m











= B2 (r), ISP=IZM·IGM, group and zone dependentg
buckling, if MBK=-2 or -12. (unperturbed
system)
BK(ISP) for perturbed system
= D B2, ISPP=IZM'IGM, if MBK+O. (unperturbedg g
system)
LSRI(ISPP) for perturbed system.





4) Total size of a core memory
The integer array IA(LEN) and the real array A(LAENGE) are declared
in the subroutine DU:~1Y.
The number of the corc storage for them can be given by
LEN = 36+2IFH+2IM+4IZ:·1+2:'1TP for IA,
and
LAENGE = L~1l\X+IRIS for 1\.,
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Number of fissile isotopes,
Number of mixtures,
Total nunber of cross section tables,
=IGM+5,
Nu.r:ilier of groups,
Number of space mesh points,
=D1+1,
Number of the delayed neutron groups,
Nwnber of zones.
The last IRIS words of the array Aare used by the WQORG as working
array to prepare the cross section table C(IID1,IGM,MT). Therefore,
IRIS calculated as a difference between LAENGE and actually needed
core storage should not be too small. In the case of sample problems
shovm in chapt. IV, the amount of core storage needed by TP1 is
nearly twice of that used in the DTK calculation.
1) Input data to GRUCAL
Type, CHI, NUSF, SCAPT, SFISS, SBE, SREH, STR, STRTR, 1/V, STOT
and SHTOT are necessary. Further option of 'AUSHERTI, three 'ZU-
SATZ' CHI (micro) , NUSF(macro) and SFISS(macro) are necessary to
produce isotope dependent quantities for fissile isotope. All
fissile isotopes should be assumed to be contained in all mixtures,
because isotope dependent fission spectrum and cross sections are
stored in the arrayes XKIJ(IGM,IFM,MTP), SNFDJ(IGM,IDM,IFM,MTP) and
SNFTJ (IGM,IFH,;:·l'fP). The option of microscopic fission spectrurn
is necessary for the CHI. The input example is shown in the Appen-
dix IV_
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2) Input data to SIGMUT
Isotope independent delayed neutron spectrum for each delayed
group and the delayed neutron fraction for each isotope should
be read from cards.
3) Input data to DTK
The option of k eff computation and ITH=-1 should be chosen to
create the interface file for TP1. An error criteriom 10- 5 is
desirable for the criticality factor and for the flux. For the
adjoint caculation, only an input specification card is necessary
for the adjoint equation. All other specifications, for example,
the number of mesh points, the order of SN and error criterions,
are automatically reproduced to the adjoint calculation in the
KAPROS system from the input data of the direct equation.




Iza = 4 ;
MT = 7
MTP = 5 ;
IAL (MTP)
IPLATZ(HTP)
Order of anisotropie scattering,
Total number of intervals,
Number of zone,
Total number of cross section table,
Number of mixtures.
1, -2, -3, 4, 5









1 -2 -4 -2
I I I I r





1 2 3 4
5 2 4 3
7 -2 6 -4
I I I , I t t I 1 11 I , I I r
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~~ixtures 1, 3 and 2 for the first, third and forth zone of the
unperturbed system are replaced in the perturbed system by mi::-
tures 5, 4 and 3 respectively.







K2 IFM(24I3), Numberof fissile isotope













Exact perturbation is calculated.
This is not done.
Group and space dependent reactivity is
printed.
This is not done.
Space dependent reactivity is printed.
This is not done.
Group dependent reactivity is printed.
This is not done.
1IF:;"P The first order perturbation by the probe
is calculated.















Global input of perturbed region (K4)
Pointwise input of perturbed region (K5)
Corrected criticality factor for isotope
dependent fission spectrum is calculated.
This is not done.
Direct and adjoint angular flux are printed
This is not done.
Direct and adjoint total flux are printed.
This is not done.
Cross sections are printed.
o This is not done.
K3 NAIST(IFM) (9AB) Name of fissile isotope
SI If IFFP=1 and IFPG=1, K3, if IFFP=1 and IFPG=O, K4 is read re-









Mixture index of the probe which replaces
the mixture of unperturbed system.
Left mesh index where the probe is inserted.
Right mesh index where the probe is inserted.
Mixture index of the probe which replaces the
mixture of the unperturbed system at the mesh
points IMTN(ITNMI).
Total number of mesh intervals.
Indices of mesh intervals where the probe is
inserted.
The mean neutron generation time and the delayed neutron fraction
for each fissionable isotope and for each mixture are always print~
ed. The criticality factor corrected for the isotope dependency of
fission neutron spectru.'1l is printed according to the "input option.
The space and energy group dependent reactivities can be printed
by the input option in the following order; mesh index, average
radius, group index, reactivities due to capture Pc (ti)' fission
+ + + g
Pfg(r i ), removal P (r.), scattering out P (r.), scattering in+ rg ~ sog +~
P . (r.), scattering out + in p (t.) + p • (r
i
), scattering in
s~g ~ sog ~ s~g
from g-1 p. 1(t.), fission source Pf (r.), adjoint fission
s~~+g- ~ sg ~
source P f (r.) and total P (t.). The mixture dependent delayeda g ~ g ~
neutron fraction is written on the disk IDSK4 for the calculation
of the effective decay constant of the delayed neutron by the
LMlBDA code made by Polch /11/.
IV NUMERICAL EXAMPLES
Sample calculations are performed for ZPR-3 assembly 48, a pluto-
nium fueled fast critical asse~bly, of fast reactor benchmark
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No.3 /11/. Number density for each isotope is taken from Table I
of Ref. /11/ to the spherical model and is shown in Table 2.
Since the atom Mn is not available in the grcup constants library
GRUBA used by the GRUCAL program, the number density of the atom
Cr is simply increased by adding that of Mn. Core radius of
45.245 cm and blanket thickness of 30.0 cm given in Table 2 are
used. A reflected boundary condition is used at the origin and a
vacuum condition at the outermost boundary. The sampie calculations
are also performed for the slab reactor which is derived simply by
replacing the index for the spherical geometry by the slab geometry
in the DTK code. Therefore, in the slab reactor, the criticality
factor exceeds unity. An average fission spectrum for the DTK code
is calculated from the isotope dependent fission spectrum x~





in the GRUCAL code. Use is made of the weights which are derived
using the flux determined by the diffusion calculation for the
core /9/. The weights for the blanket wj(Blanket) are calculated by
the crude approximation
w
j (Blanket) = wj (core) nj(Blanket)x
n j (core)
(81)
where n j is the number density of j-th fissionable isotope. The
weights used in the calculations are shown in Table 3. Results
of sampie calculations are shown in Table 4-9. In the Tables,
+k o and kare the criticality factors for direct and adjoint
equations respectively. !1ixture indices 1 and 3 indicate the mix-
tures prepared by using the number density of the core and by the
number density of the blanket given in the Table 2 respectively.
Mixture 2 is obtained by multiplying the number density of Pu
239
in mixture 1 by 1.01. The number densities of other isotopes in
the mixture 2 are the same as those of the mixture 1. The net reac-
tivity Pk is calculated from the criticality factors k o and k+
by Eq. (20) and the net reactivity P by the perturbation equation
- p
of Eq. (37). k is the corrected criticality factor of k o by taking
into account the isotope dependent fission spectrum using pi of
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Eqs. (73) and (76). Computations are perforrned by using IBM370-168
in Kernforschungszentrurn Karlsruhe.
In the DTK code, there is a negative fix up routine in which the
angular flux is set equal to zero, if the angular flux becomes ne-
gative. Since it might be considered that this method introduces
some complication for the understanding of the nurnerical results,
this negative fix up routine is skipped for the perturbation calcu-
lation. In all sarnple calculations, use is made of the options of
Chebyshew extrapolation for the outer iterations and the initial
guess is provided by the code.
In Table 4, use is made of the error criterions for the flux, 0, 10-3
and 10-4 to check the effect of the error criterion on the flux. (In
the case of the error criterion 0, the flux convergence test is
skipped). As the error criterion to the criticality factor, 10- 5 is
used in all cases. From Table 4, it is seen that the criticality
factor for the direct equation converged within the error of 10- 5 in-
dependent of the error criterion for the flux. The criticality factor
for direct and adjoint equations for the slab geometry should be iden-
tical for the same system. This is nurnerically confirrned in case 5
for mixtures 2 and 3. However, the criticality factor for the adjoint
-4equation has errors of 2-4 x 10 in the case of no error criterion
for the flux, 1 x 10-4 in the case of the error criterion of 10- 3
for the flux. In case 5, the criticality factor of adjoint equation
converged to the exact value within the error of 10-5 as stated above,
however, in case 6 of Table 4 there is yet an error of 2 x 10- 4 • It
may seern curious that there are some cases in which the number of
-4outer iterations and CPU time for the error criterion of 10 ~re
less than for no error criterion for the flux. From this result, it is
known that the error criterion of 10- 4 for the flux is not sufficient
to obtain the criticality factor with the accuracy of 10- 5 • Therefore,
in the following calculations, an error criterion of 10- 5 is used for
the flux as weIl as for the criticality factor.
In Tables 5 and 6 are shown the results for the slab and spherical
geornetry to check the mesh effect. It is seen that if the mesh inter-
vals of 28 and 16 are used for the core and blanket, an accuracy of
1 x 10-
4
is obtained for the criticality factor. In the benchmark
book of Ref. /11/, a mesh of 2 cm which give~~ ... ie mesh intervals of
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23 and 15 for the core and blanket is recomrnended for the diffusion
calculation. In the case of slab reactor, criticality factor of the
direct equation agrees to that of the adjoint equation within the
-5
accuracy of 10 for the cases 1-4. As the nurnber of mesh intervals
increases, this difference becomes larger, 3 x 10-5 for 14+8 mesh
intervals, and 5 x 10-5 for 28+16 rnesh intervals.
In the case of the spherical reactor, there is a much larger dif-
ference, about 10-3 between the criticality factors of the direct
and adjoint equations. This introduces a large error to the reac-
tivity calculated from the criticality factors. As seen in the Tables
5 and 6, the reactivity from the perturbation rnethod has higher accu-
racy, 1 x 10-6 for the slab reactor and 3 x 10- 6 for the spherical
-5reactor, than that from the criticality factors, 5 x 10 for the
slab reactor and 8 x 10- 4 for the spherical reactor in absolute
value.
The difference of criticality factors between the direct and adjoint
equations for curved geometry may be due to the non adjointness of
the finite difference form of the adjoint equation for curved geo--
metry, because this difference becomes less as the order of S in-
n
creases as seen in Table 7.In the case of S16' there is no difference
between them, and then the reactivity calculated from the criticality
factors agrees with that from the perturbation calculations within
the error of 10-5 •
The reactivity from the S4 method of the perturbation method agree
to that from the S16 method with the accuracy of 10-5 , wheras the
reactivity from the S2 method has an error of 8 x 10-4 compared with
the S16 methode In all cases of the S2' S4 and S8 methods, the per-
turbation method gives more accurate results than that from the cri-
ticality factors.
In the DTK code, the approximate fission source term of Eq. (71) is
used instead of exact one of Eq. (10). In Table 8 are shown the cor-
rected criticality factors by Eqs. (76) and (79) for the several
weights to the average fission spectrurn in the GRUCAL code. The
computations in DTK given in Table 8 are perforrned using S8 method
with 28+16 mesh intervals. In the case 1 of Table 8, use is made
of the fission spectrum in DTK from the GRUCAL in which only the
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weight of the fission spectrum for the isotope pu 239 is unity
and all other weights are zero. The case 4 is the another ex-
treme case, in which only the the weights for the isotope U238
are unity and all other weights are zero. This case gives largest
correction factor to the criticality factor about 0.4%. Since
all corrected criticality factors agree within the accuracy of
10-5 , this correction seems reasonably done to take into account
the effect of isotope dependent fission spectra and delayed neu-
tron spectra. More accurately, following Eq.(78), the adjoint flux
for the unperturbed system should be used in Eg. (79) for the cor-
rection of this effect. This effect of the approximation is seen
in the column 6 of the Table 9, in which the results are shown to
demonstrate how small reactivity can be calculated by the pertur-
bation code.
From the cases 1 to 4 of Table 9, the number density of Pu 239 in
the perturbed core is increased by 1.01, 1.001 and 1.0001 from the
unperturbed core, where as all other number densities are the same
as those in the unperturbed core. The adjoint flux of case 3 of
Table 9 may be almost the same as that of the unperturbed equation.
Then the criticality factor of k of case 3, which is less than the
-5previous value by 2 x 10 , may be most accurately corrected for
the isotope dependent fission spectra.
It is seen that the reactivities calculated by the perturbation
method change almost linearly as the change in number density of
Pu 239 • On the other hand, the reactivity from the criticality
factors calculations does not change linearly and has an error of
about 2 x 10- 4 as pointed out before. From the case 4 to 7, the
number density of Na in the perturbed core is changed by 0.99, 0.9,
0.5 and 0 from the unperturbed core to see the Na void effect,
keeping all other isotopes unchanged. In this case, also, the reac-
tivity calculated by the perturbation method changes almost linearly
as the change of the number density of Na.
The numerical error of the reactivity calculated by the perturbation
method, ßp can be expressed as
+ f > + f
k
>




öG ß<fk öF< + I k Q I + I o I + I Q I (82)p ~ k o + <f+ <f~<fk F f k > öG f > öF f ko >0 k k o
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from Eq.(14), where ~x signifies the numerical error of x.
Because of mesh effect, I~kl "" 10- 4 in the present case. The
o
neutron balance in the DTK calculations is of the order of










Roughly, we rnay write
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where r is the typical perturbed cross section. As a result,
1!.e.1p < 10-3 + I~ör/rlör/r
( 85)
If the perturbation of the cross section is of the order of
ör -4 ~ör -2 I~PI-2-y = 10 , = 10 and then -pI ~ 10 , because the single
precision of IBM 370 has about 6.7 significant digit. The re-
sults given in Table 9 do not contradict to this argument.
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Summary of ~he sample calculations
1. An error criterion of 10-5 should be used for criticality
factor and flux in DTK code to obtain the accuracy of
5x10- 5 for the criticality factor of the adjoint equation.
2. There is a difference of about 8x10- 4 between the criti-
cality factors of direct and adjoint equations for the
spherical geometry and the S2 methode This difference is
reduced to 10- 5 , if S16 rnethod is used.
3. The reactivity calculated from the criticality factors has
errors of 5x10- 5 for slab geometry and 8x10- 4 for spherical
geometry using the S2 methode
4. The accuracy of the reactivity calculated by the perturbation
method may be restricted by the nurnerical error of the flux
-3as a whole, about 10 and by the round-off error of the per-
turbed cross sections in the form:
where ör is a typical perturbed cross section, and ~ör is its
nurnerical error due to round-off. The accuracy of this reacti-
vity is almost independent of the nurnber of mesh points, con-
trary to those from the criticality factors.
5. The relative difference of the reactivities öp/p determined by
the perturbation calculations is 1.4x10-2 between the S2 method
and the S4, S8 or S16 method for the present problem.
6. Correction to the criticality factor to take into account the
isotope dependency of fission neutron spectrurn and delayed
neutron spectrurn is successful with an accuracy of 2x10- 5
independent of the weights for the fissionable isotope applied
to the GRUCAL program.
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A diffusion perturbation calculation is also performed using the
PERT1 code /14/ for the case shown in Tables 6 and 7. The diffu-
sion calculation is made using the same cross section as used for
Tables 6 and 7 except the transport cross section, and using 56
and 32 mesh intervals, i.e. mesh sizes of about 0.8 cm and 0.94 crn
in the core and blanket respectively and the error criterion of
10- 5 for the criticality factor and flux in the diffusion code
D1F1D /15/. The result is shown in Table 10. The diffusion theory
should give nearly the same accuracy as the S2 method, because the
S2 equation becomes equivalent to the diffusion equation, if the
two discrete ordinates over angle are chosen as those of the gau-
ßian quadrature formula /16/, and the difference between the gau-
ßian quadrature forrnula and the trapezoidal rule used in Sn method
may not be so large. The criticality factors~of the diffusion and
S2 method have about the same error of 1 % from that of S16 method,
but opposite sign.
The GRUCAL code provides two kinds of transport cross sections, des-
ignated by STR and STRTR. In the diffusion calculation, the trans-
port cross section STR is used to calculate the diffusion coeffi-
cient. On the other hand, in the DTK transport calculation, the
transport cross section STRTR is used to represent the total cross
section. (Normally STR is used in DTK code only to determine the
buckling leakage in a way equivalent to diffusion theory.) If the
transport cross section STR is used for DTK calculation, the cri-
ticality factor by the S16 method is found to be 0.99389 and the
difference from that of the diffusion calculation is 0.72 %, which
is nearly the same as the transport correction reported in Ref. /12/
and /17/. The problem of using STR or STRTR in DTK is beyond the
scope of the present report. The reactivities from the diffusion
and S2 method have 1 % and -1.5 % errors from S16 method, however
this error may be small compared withexperimental error. This
might be considered due to the fact that the perturbation of 1 %
change of 239pu density is distributed in a whole core. If the
perturbation is limited to a small area, the difference between
the diffusion method and higher order S method might become lar-
239 n
ger. This is not the case for Pu. The central reactivity worth
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for 239pu by S2 method has only 0.07 % difference from the S8 meth-
od, whereas other isotopes have 3 - 9 % difference from S8 method
as described in the next section.
The central reactivity worths are calculated by the first order
perturbation method to compare with the experimental values given
in Table VI in Ref. /12/ for ZPR-3 Assembly 48.
In the case of 28 mesh intervals in the core, the volume of the
first mesh is
41Tr3
V = =-3- ~1T(1.6159Cm)3 = 1. 76739x10cm3 •
Then, the number density of 1 mol atom in this value is
6.02486x1023 24 3n = = 0.03·4089x10 /cm •
V
If this number density is added to the number density for core ma-
terial as a perturbed cross section, the TP! code calculates the
central reactivity worth for the added isotope of one mole by tak-
ing the difference between the perturbed cross section and the un-
perturbed core cross section. The addition of probe isotope increas-
es the cross section and further causes a change in selfshielding
factor for resonant isotope, and this introduces the additional
change in cross section. To avoid non linear changes of the self-
shielding effect and the corresponding cross section differences,
the number density which is added is reduced by 10-3 in case A and
10- 2 in case B of Table 11.
Therefore, to obtain a reactivity per one mole, the output reacti-
vitiy from TP1 code is multiplied by 10 3 and 102 for cases A and B
respectively. The difference between case A and B is due to the
change of selfshielding effect or a rounding off error in taking
the cross section difference in perturbation calculation. The re-
sults are shown in Table 11 for the S2 and S8 method together with
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experimental value and calculation value given in Ref. /11/. In the
Table are also shown the ratios of those to S8 method in case B.
It is seen that the difference between case A and B is less than
0.7 % which is negligibly small. In the Table are shown also the
results by the perturbation diffusion method using PERT1 code, in
which the same cross section as the case B for Sm method is used.
The difference of the diffusion and S2 method from S~ method are
nearly same, but in opposite direction except for 23 Pu and 235u.~
The largest difference of the S2 value from S8 value is in carbon,
about 9 %. For 238u , Na and Al, there are about 3 to 5 % differ-
ence between S2 and S8 methods.
There is a large difference between experimental and calculated
values, from 7 to 85 %. Assuming that apart of this difference is
due to the error in the delayed neutron data, the experimental ma-
terial worths are recalculated using the delayed neutron data ob-
tained from TP1 code. If the reactivity is small, the reactivity
in inhour unit is given by the following equation /18/,
• p
where p is the reactivity defined by Eq. (14) and
The experimental reactivity given in Table 11 was converted from
the measured period using the conversion factor 1 % = 981 Ih in
Ref. /12/.









From Eq. (19), if wh.«1 and wA«1, we obtain
1.





Then we obtain the corrected reactivity Pc' from the original reac-
tivity P,
C is calculated by the Lfu~BDA code /11/ using the delayed neutron





= 2.4827 -1sec •
On the other hand, the LAMBDA code calculates the reactivity which
corresponds to the period of 1 hour,
p(1 hour) = 1.1271x10- 5
This means that the number of Inhours per % p is 887.2 Ih. From
this value, we obtain
C = 887.2 Ih
3600sec x 10- 2
-1= 24.65sec •
Using this value, we get
Co





The corrected reactivity is given in Tables 11 and 13. In Table 13
are also shown the results calculated by using ENDF/B-III and IV
- 44 -
reported by Hardie et ale /17/. The experimental value used to com-
pute the ratio calculated to experimental in ENDF/B-III and IV is
corrected using the number of Inhours per % p shown in Table 12,
which is'calculated also using the ENDF/B data.
As seen in Tables, the corrected values approach to the experimental
values by making the delayed neutron correction. However, there
still remain large difference between theory and experiment of
about 3 % - 50 % except 23Na and C, part of which might be due to
the inadequacy of the spherical model compared to the cylindrically
shaped experimental configuration. The fairly good agreement for
238u and 10B is probably fortuitous.
For 23Na and C, the errors are very large, amounting to factors of
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Spherieal Harrnonies Functions in One-dirnensional
Cylindrieal Geornetry.
Spherieal Harrnonies Funetions NH IRS IRT
Y11 1 1 1
Y2O 'Y 22 3
2 3
Y31 'Y33 5 4 5
Y40'Y42'Y44 8 6 8
Y51'Y53'Y55 1 1 9 11
N: The order of spherieal harrnonies funetions
NM = ISCT (ISCT+4)/4: Nurnber of spherieal harrnonies funetions
for the ISCT-th order anisotropie seatte-
ring
IRS = [(N+1) 2/4] Initial address of N-th order spherieal
harrnonies funetions




ZPR-3 Assembly 48 Spherical Model Atom Densities,
atom/barn-ern


















Input Weights wj to GRUCAL Code for Averaging
Isotope Dependent Fission Spectrum.






U235 0.709431x10- 2 -20.877913x10
U238 0.125940 0.155849
Table 4: The variation of criticality factor and reactivity due to the variation of the error criterion
for the flux for the slab reactor by 52 method with 28+16 mesh intervals.
DTK TP1
Case Error cri- k~) (upper) Mixture index CPU ti~e2) Number of Number of Pk Pp
p'
terion k+ (lower) core, blanket (min) outer iter- inner iter-
(x10- 3 ) (x10-3 ) k3 ) (x10- 3 )ation ation
1.34066 1, 3 u.39 16f 3820 3.19 3.322 1.34003 -0.350
1. 34641 2, 3 0.52 34 3402
2 - 1.34664 2, 3 0.41 16 3812 -3.54 I -3.322 1.34599 -0.357
1.34025 1, 3 0.47 43 3663
3 10- 3 1.34066 1, 3 0.42 16 4257 3.25 I 3.321 1.34003 -0.350
1.34653 2, 3 0.48 31 3317
4 10- 3 1.34664 2, 3 0.42 16 4268 -3.38 I -3.322 1.34599 -0.356 V1
1.34053 3 0.45 28 3228
01 ,
5 10- 4 1.34066 1, 3 0.47 16 4838 3.31 I 3.321 1. 34003 -0.350
1.34664 2, 3 0.37 13 4075
6 10-4 1.34664 2, 3 0.46 16 4860 -3.45 I -3.322 1.34599 -0.357
1. 34042 1, 3 0.33 13 4012
-
1) The error criterion of 10-5 is used for the criticality factor.
2) IBI1 370-168 is used.
3) k is the corrected criticality factor of k o for the isotope dependency of prompt fission neutron and for
the delayed neutron spectrum.
Table 5: Criticality factor and reactivity for the slab reactor by the 52 method.
DTK TPl
llwnber of - 1
Mixture index CPU time2) Number of p' CPU time2) Number ofCase mesh intervals ko(upper) Nwnber of Number of Pk Pp
core + blanket k+(lover) core, blanket (min) outer iter- inner iter- core memo- (sec) core memo-
ation .....~ion ry (xl0-3) (Xl0-3) k (xl0-3) ry
2 + 2 1.33386 1, 3 0.18 25 9120 3.6 K 3.35 3.348 1. 33321 -0.364 3 8.8 K
1.33984 2, 3 0.06 12 4487
2 2 + 2 1.33984 2, 3 0.19 25 9712 -3.34 1-3.348 1.33911 -0.312 3
1.33381 1, 3 0.06 12 4463
3 1 + 4 1.34011 1, 3 0.18 16 5906 4.4 K 3.32 I 3.323 1.33954 -0.351 3 10.2 K
1.34615 2, 3 0.11 15 6062
4 7 + 4 1.34616 2, 3 0.19 16 5913 -3.33 [-3.323 1. 34551 -0.358 3




5 14 + 8 1.34055 1, 3 0.31 16 5100 5.1 K 1. 33993 -0.350 4 12.5 K ~
1. 34651 2, 3 0.30 15 6061
6 14 + 8 1.34654 2, 3 0.31 16 5684 -3.33 1-3.322 1.34589 -0.351 4
1.34053 1, 3 0.30 15 6055
7 28 + 16 1.34065 1, 3 0.55 16 5682 8.4 K 3.29 I 3.322 1.34002 -0.350 5 11.2 K
1.34659 2, 3 0.55 16 6126
8 28 + 16 1.34663 2, 3 0.55 16 5684 3.34 1-3.322 1.34599 -0.357 5
1.34060 1, 3 0.56 16 6114
1) Error crit~rion 10-5 is used for the criticality factor and flux.
2) lIli·! 370-168 is used.
Table 6: r.riticality factor and reactivity for the spherical reactor by the 82 method.
DTK I TPI
!'I\.lllIl;",. of
ko(upper}l) Mixture index CPU time Number.of ~umber.of Number of Pk I PCase mesh intervals p' CPU time Number ofcore + blanket k+(lol.'er) core, blanket (min) outer 1ter- 1nner 1ter- core memo- -3 P-3
(xl0-3)
(sec) core memo-
ation ation ry (xl0 ) (xl0 ) k ry
2 + 2 1.00276 1, 3 0.23 32 10845 3.6 K 3.25 5.060 1.00160 -1. 163 3 9 K
1.00604 2, 3 0.06 13 4029
2 2 + 2 1.00'193 2, 3 0.23 33 11113 -6.97 1-5.060 1.00673 -1. 180 3
1.00089 1, 3 0.06 12 3977
4.32 I 5.0743 7 + 4 1.007)1 1, 3 0.17 16 4949 4.4 K 1.00652 -0.981 3 10 K
1.01192 2, 3 0.19 16 6196
4 7 + 4 1.01269 2, 3 0.17 16 4943 -5.84 1-5.074 1.01167 -O.Y96 3
1.00674 1, 3 0.18 16 6190
4.331,·0845 14 + 8 1.00N5 1, 3 0.27 16 4630 5.7 K 1.00608 -0.963 4 13 K lTl
1.01146 0.28 5796 '"2, 3 15
6 14 + 8 1.01223 2, 3 0.27 16 4637 -5.84 1-5.084 1.01123 -0.978 4
1.00629 1, 3 0.28 15 5795
7 28 + 16 1.00692 1, 3 0.46 16 4650 8.4 K 4.33 I 5.087 1.00594 -0.959 5 17 K
1.01132 2, 3 0.51 15 5801
8 28 + 16 1.01209 2, 3 0.44 16 4661 -5.841-5.087 1.01 I 10 -0.974 5
1.00615 1, 3 0.49 15 5809
1) Error criterion of 10-5 is used for the criticality factor and flux.
Table 7: Criticality factor and reactivity for the spherical reactor by 54' 58 and 516 method vith 28 + 16 mesh intervals.
DTK I TP1
Order
( ) 1) W· .Co.se of ko upper ~xture ~ndex CPU t~me Number of Number of lIumber of Pk Pp
p' CPU time Number of
S k+{lover) core, blanket (min) outer iter- inner iter- core memo- (sec) core me:no-n ation ation (x10-3) (x10-3) k (x10-3)ry ry
4 0.99720 1, 3 0.62 16 4570 9.1 K 4.98 5.157 0.99623 -0.977 5 21.9 K
1.00218 2, 3 0.70 15 5738
2 4 1.00235 2, 3 0.62 16 4567 -5.311-5.157 1.00135 -0.992 5
0.99704 I, 3 0.71 15 5735
5.1213 8 0.99656 1, 3 0.89 16 4563 10.6 K 5.161 0.99558 -0.979 6 31.2 K
1.00167 2, 3 1.06 15 5744
4 8 1.00169 2, 3 0·90 16 4559 -5.18 1-5.161 1.00070 -0.994 5
0.99653 1, 3 1.04 15 5741
I
Ul
5 16 0.99627 1, 3 1. 59 16 4560 13.5 K 5.16 5.163 0.99530 -0.979 6 50.0 K w
1.00141 2, 3 1.92 15 5736
6 16 1.00141 2, 3 1. 55 16 4555 -5.15 1-5.163 1.00041 -0.994 6
0.99627 1, 3 1.88 15 5735
1} ~rror criterion of 10-5 is used for the criticality factor and flux.
Table 8: l'hc variation of correction factor to the criticality factor due to the variation of the fission spe<.:truHl




ko(upper) 1) Nixture index Pk




























5.18 5.231 0.99559 3:982 w CU238) 1, wj o for other fissile isotope.
1) ~rror criterion of 10- 5 is used for the criticality factor and flux.
'fable 9: Thc variation of rcactivity due to the variation of the number dcnsity
of Pu 239 or Na in the core. The rcsults are for thc spherical rcactor
by 54 method with 28 + 16 mesh intervals.
DTK TP1
Casc k o (uppcr) 1) llixture index Pk Pp
p' Perturbation
k+ (lower) core, blanket
(X10- 3 ) (x10-3 ) k (x10-3 )
0.99720 1, 3 4.98 5.157 0.99623 -0.977
1.00218 2, 3 nPu239 x 1.01
2 0.99720 1, 3 0.36 0.519 0.99622 -0.994
0.99755 4, 3 nPu239 x 1.001
3 0.99720 1, 3 -0.11 0.052 0.99621 -0.995
0.99709 5, 3 nPu239 x 1.0001
V1
V1
4 0.99720 1, 3 -0.25 -0.090 0.99621 -0.996
0.99695 6, 3 Na x 0.99n
5 0.99720 1, 3 -1.07 -0.912 0.99621 -1.001
0.99613 7, 3
Na x 0.9n
G 0.99720 1, 3 -4.88 -4.724 0.99618 -1.027
0.99237 8, 3
Na x 0.5n




1) Error criterion of 10-5 is used for the criticality factor and flux.
Table 10: Comparison of reactivity by the diffusion method and 8n method
Pk 1) Pp difference of difference of
k k+ (x10-3 ) (x10-3 ) k
o
from 8 16 (%) Pp from 8 10 (%)0
Diffusion 0.98671 0.99181 5.216 5.213 -1.0 1.0
82 1.00692 1.01132 4.33 5.087 1.1 -1.5
8 4 0.99720 1.00218 4.98 5.157 0.1 -0.1
8 16 0.99627 1.00141 5.16 5.163 0.0 0.0
1) 1 1
P = --- - -
k k o k+
U1
0'\
1'ab1e 11: Material \{orth at the center cf spnt:rical reactor cf ZPR-3 Assembly 48
---- ------,-- -
t-1aterial Worth Ratios to the values of 8
8
case B
- ._---- ---- --
J:::xIH:riment J::xp~riment2} 58 S 58 52 t:xperiment J::xperiment
2 ) 58 52 822
Isotope (x 10-5/::101) ( corrected) Ca1cu1lltion 1) case A case A case B case .B PERTI (uncorrectedl ( corrected) Ca1cu1ation case A case A case B PJ::RTI
--._.
239 100. 4± 1.0 119.8 138.06 136.7 136.8 136.7 136.8 132.9 0.7928 0.8760 1.0 1.0000 1.000'T 1.0007Pu 0.9'{17
235U aO.0±1.2 88.4 103.10 99.73 99.77 99.63 99.67 98.17 0.8030 0.88n 1.035 1.0010 1.0014 l.u004 0.9853
230U -5.72±0.1'{ -6.32 -6.894 -6.118 -6.319 -6.113 -6.315 -5.950 0·9357 1.0339 1. 128 1.0008 1.0337 1.0330 0,9"(33
23:la -0. 14B±u.007 -0.164 -0.2543 -0.4706 -0.4920 -0.4736 -0.4951 -0.4483 0.3i25 0.3453 0.5370 0·993'( 1.0369 l.u454 0.9466
10
11 90.96±0.61 100.51 -93.57 -97.28 -98.73 -97·27 -98.n -95.7 4 0.9351 1.0333 0.9620 1.0001 1.0150 1.0149 0.9843
Fe -0.700±0.023 -0.774 -1.075 -1.094 -1.079 -1.098 -1.0537 0.6487 0.7168 0.9963 1.0139 1.0176 0.9766
Cr -0.o52±0.ü79 -0.720 -0.9596 -0.9780 -0;9368 .9.6794 0.7507 1.0192 0.9762
lti -1,09±0.01 -1,20 -1.838 -1.866 -1.833 -, .861 -1.7575 0.5947 0.6571 1.0027 1.0180 1.0153 0.9752
l>'.n -1,28±ü.06 -1. 41
Al -0.432±0.022 -0.417 -0.6949 -0.7166 -0.6991 -0.7208 -0.6603 0.6179 0.6828 0.9940 1.0250 1.0310 0.9731
T.. -30.25±0.92 -33.43
1-:0 -4.24±0.04 -4.69 -6.359 -6.456 -6.312 -6.408 -6.1908 0.6FT 0.7422 1.0074 1.0228 1.0152 0.9808
C -0.055±0.015 -0.061 -0.3636 -0.3963 -0.3631 -0.3958 -0.3280 0.1517 0.1676 1.0014 1.0914 1.0901 0.9033
II Tbi. value i. taken from Rer. /11/.
2) Corrected va1ue i. obtained by mu1tiplying the uncorrected value by 1, 105.
'".....





hmark 1) ENDF/B 2) 8 2 8 8
0.003588 0.003698 0.003748
981 932.5 898.9 887.2





Inhours per % p
1) From Ref. /11/ where the delayed neutron data of Keepin was used.
2) From Ref. /18/ where the delayed neutron data from ENDF/B-III and IV was used.
'rable 13:
- 59 -
Comparison of central reactivities in terms of
calculated to experimental values by TP1 and those




ENDF/B-III ENDF/B-IV (uncorrected) (corrected)
239pu 1. 216 1.185 1. 261 1 • 1 41
235u 1. 232 1.196 1.245 1. 127
238u 1.164 1.038 1.069 0.967
23Na 1 .595 2.078 3.200 2.896
10B 0.988 0.959 1.069 0.967
Fe 1. 147 1.260 1.542 1.395
Cr 1.529 1.546 1.472 1.332
Ni 1. 382 1.403 1.682 1. 522
Al 1. 618 1.464
Ta 1.035 1.024
Mo 1.489 1. 348
C 6.601 5.974
- -
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Henry defined another form of reactivity, asymptotic period reac-




~g(r,o,t) T(t) (A-1 )
+ -+-+
Substituting Eq. (A-1) into Eg. (1), rnultiplying it by fko(r,O) and
integrating over space and solid angle, we obtain
a + -+ -+ 1 -+ -+
ät<fkog(r,o);- ~g(r,n,t»T(t) =
g
If we define ~g(~,n,t) such that
(A-2)
a + -+? 1 -+ -+
at <fk (r,u) ~g(r,Q,t»og v g
Eq. (A-2) becornes
= 0 (A-3)
+ -+ -+ 1 -+ -+ dT(t)
<fk (r,n)-- ~g(r,n,t» =og v 9 dt
<fk+ (Go+öG+ k
1 (Fo+öF »~ (r,n,t» T(t)
og 0 P P 9














(A-7)ß (t) = <fk k o
E Xig ~g(r,n,t»N og
j
1
Ci(t) 1 <f+ Ci(r,t» (A-8)= AN Xigkog
A 1 +
1 ~ ~ (A-9)= <fk - ~ (r,n,t»N og Vg g
+ ~ ~ (A-10)N = <fk F ~g(r,n,t»og
Eq. (A-4) can be written as
dT (t)
dt








1 + ~ ~







--! T(t) - A. C. (t)
A 1 1
(A-14 )
It should be noticed that in the definitions (A-7) and (A-13),
(A-15)
In general, all parameters defined by Eqs. (A-6), (A-7), (A-9) and
(A-13) are time dependent. However, in the case of asymptotic beha-
- 64 -
viour, Eq. (A-1) can be written in the form of Eq. (16), namely,... ... ... ... ... ...
independent of time.~ (r,rr,t) = f (r, n) and ~g(r,n,t) is Ing oog
this asymptotic case, all parameters are independent of time
and given by
1
<f~ (öG + _1_ öF ) f > (A-16 )Poo = N og k o p oog
1 + 1
F~ f (A-17 )6 = <fk k o Xig
>N og ~ oog
A 1 + 1 f (A-18 )= <fk >N og " oogg
1 + 1 F. f (A-19 )6i = <fk k o Xig >N og ~ oog
+ F f (A-20)N = <fk >og oog
Using Eqs. (16) and (17) ~n Eqs. (A-11) and (A-14), we obtain
=
ß.
Aoo + oor --f- + ß - rß.
i oo+l\i i ~
(A-21 )
Eq. (A-21) is a little different from Eq. (19) and also the defi-
nitions of all parameters, (A-16)~(A-20) are a little different
from those for the static reactivity. Practically, the asyrnpto-
tic period reactivity p and all other parameters of Eqs.(A-17)~
00 ... ... ... ...
(A-20) must be calculated by approximating f (r,n) by f k (r,n).oog g
As shown in Appendix II, the approximation of f (r,n) by
... ~ oog ... ...
fkg(r,~l) has higher accuracy than the approximation of f (r,n)
... ..... oog
by fkog(r,n) wh~ch is used ~n the method by the static reactivity
of TP1 code. Therefore, the asymptotic period may be obtained
by the method of the asyrnptotic period reactivity more accura-
tely than the method by the static reactivity for the problems
in which the difference between fkg(r,n) and fkOg(r,n) i~ large.
Nevertheless, use is made of the method by the static reactivity
in TP1 code, because the static reactivity itself can be obtained
accurately without approximation by the perturbation calculation
and also from the two criticality factors by Eq. (20) which does
- 65 -
not hold for the asymptotic period reactivity.
If Eq. (96) is multiplied by f~Og(~,n) and Eq. (11a) by fkg(~,n),
we can also obtain the expression for the static reactivity as
p = (A-22)
Comparing Eqs. (A-16) and (A-22), we can see clearly the difference
between the static and asyrnptotic period reactivities.
Appendix II
- ~ ~
Now, we consider about the approximation of replacin~-{~ (r,O)
~ -+ wg _,





j = X andg g'
the energy, i.e.
(10) can be writ-
where use is made of Eq. (20) •
If we assurne that all the ernitted spectra of the
are equal to the prompt neutron fission spectrurn
spectrurn is independent of the isotope, iei X. =
J.g
t~e delayed neutron fraction ßi is independent of
v~tfg = ßivt fg , the fission operators Eqs. (5) and
ten in the form
(A-23)
1 ...F. = ßi t v t fg , 4lT t flrlJ. g' m' m'
1 .,.F = Xg t v t fg , :fi" t flOm'g' m'
(1\-24)
(A-25)
The assumption of the isotope independency of fission spectrum
- 66 -
is used in the DTK code and the error to the criticality fac~
tor in the sampIe calculations shown in Chap. IV is less than
0.4% •
Substituting Eqs. (A-24) and (A-25) into Eq. (22), we obtain
+ fw><fk Xig F.ß. l.=l. + f<fk F >w
+ ~ i 1 f<fk Xig r fg , :r; E,ön , >,ver m m w ßi (A-26)= =+ 1<f
k Xg r v r fg , 4-; r önm' f >g' m' w
If we use this assumption in Eq. (A-23), we obtain /12/
Usually, the ratio of the asymptotic period to the neutron velo-
city is much smaller than the macroscopic cross sections of the
any real reactors. Then the right hand side of Eq. (A-27) is
small, because of Eq. (19), and Eq.(A-27) becomes a close appro-
ximation to Eq. (9b~. Namely, f (~,Q) = f
k
(~,Q). Unfortunately,
+ + wg g
we can not use f k (r,n) if we apply the TP1 code in the usualg + + + 7
manner. Instead of f (r,n), we must use f
k
(r,~l).wg og
From Eq. (96) , we obtain
(A-28)
+ + + + . .
For the approximation, fkg(r,n) = fkog(r,n) to be valld, the rl.ght
hand side of Eq. (A-28) must be small enough, namely, the pertur-
bation must be small. This requirement is equivalent t6 the appli-
cability of first order perturbation theory.
Appendix III Structure of the Interfacefile (IDTK) for Pertur-
bation Calculation from the DTK Code
st
1 record: ISCT, ISN, IGE, IZ11., IM, IGM
- 67 -
MT, MTP, NM, ~U1, IHS, IHT, IHM, MBK, BF, XT, RLOG
2nd record: i (i) DY, DZ if MBK>O
(ii) BK (IGM) if MBK=-1 or -11
(iii) BK(IZM, IGM) if MBK=-2 or -12




(If MBK=O, this is the second record)
r.1A(IM), IAL (MTP), \'1 (r-1M) , CL (r.-IM,NM) , V(IH), R(IMP),
IPLATZ(MTP), C(I~1, IGM, MT), XKI(IGM)
MZ (IZH)
6th record to (S+IGM)th records: (FKO(IM, MM, IG), IG=1, IGM)
(6+IGM)th record: The buckling values for the adjoint equation
as in 2nd record, if MBKtO.
(7+IGM)th record: k
(8+IGM)th record to (7+2IGM)threcord: (FKD(IM, MM, IG), IG=1, IGM)
Appendix IV Sarnple Problem Input and Output
In the following, sarnple problem input and output for the exact
perturbation is shown for the case 1 of Table 6, the spherical
model of ZPR-3 Assembly 48 by S2 method with 2 + 2 mesh intervals.
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1) Input Data














































I'GRUC','AL ',' I.' 'I.
I'S[GM','N ',' ',' 'I.
I'FLUX','l '.' '.' 'I,
I'SIGM'.'ALT ',I ',' 'I,
I'DTKI','NPUT',' ',' 'I,
I' I NPU' , 'T SI',' GMUT ' , ' 'I,
I'INPU','T UT','KS ',' 'I,
I'PERT', 'UBAT', I IONI ','NPUT'I
KAPROS DRIVER ROUTINE FOR CALCULATION OF
SIMGN BLOCKS (MODULE GRUCALI,
INCLUSION OF DELAYED NEUTRON CS lMODULE SIGMUTJ
AND 10 TRANSPORT CALCULATION lMODULE KADTKI




















***** INITIALISATIO~ OF KAPROS SYSTEM
CALL KSINITlNl,N2,N3,N4,N5)
***** CALL FOR MODU~E GRUCAL (CREATES SlGMN BLOCK
***** WITH NAME SIGMALT NOT INCLUDING DELAYED PART
CALL KSEXEC (IGRUCAL '.2,O,GRUCAL,GRUCAL,SIG26,SIGALT,IOI
[FIIO.NE.O) GOTO 1001
***** (ALL FOR MODULE SIGMUT IADDS THE DELAYED CS PART To
***** THE SIGMN BLOCK SIG~ALT AND STORES THE RESULT
***** IN KAPROS DATABLOC~ SIGMN








































IIK,FT30FOOl DD UNIT=SVSDA,SPACE=ITRK,llOI I,DCB=BLKS[ZE=400
IIK.FT31FOOl OD UNIT2SYSDA,SPACE=(TRK,llO») ,DCB=BLKSIZE=400






















C ***** CALL FOR MODULE UTKS WHICH WRITES OUT THE KAPROS
C ***** DATABLOCK SIGMN ON EXTERNAL UNIT 12 FOR LATER
C ***** USE IN KADTK AND PERTUBATION PROGRAM
C
CALL KSEXECl'UTKS ',2,0,UTKS,UTKS,SIG26,SIG26,IOI
Ir-lIO.NE.OI GO TO 1003
C
C ***** CALL FOR MODULE KADTK WHICH PERFORMS lD TRANSPORT


















1004 WR lT El N5,104 I IQ
GOTO 1009
C
C ***** FORMAT STATEMENTS
C
104 FORMAT l 1H , ' ERROR IN MODULE CALL 4, 10 = , ,16 I
103 FORMATl1H , ' ERROR IN MODULE CALL 3, 10 = , ,16 I
102 FORMATl1H , ' ERROR IN MO')ULE CALL 2, IQ = 'tl6 I
101 FORMATl1H , ' ERROR IN MODULE CALL 1, IQ = , , I 6 I
C





































































































































































































































































































































0.2523E-3 1.8592E-3 1.4343E-3 2.1779E-3 0.6839E-3 0.2324E-3
0.2688~-3 2.6206E-3 1.8432E-3 3.3600E-~·1.2288E-3 0.2784E-3
0.160E-3 3.664E-3 2.768E-3 6.240E-3 2.~t2E-3 0.256E-3
0.0912E-3 4.4460E-3 3.6708E-3 9.3936E-3 4.9704E-3 0.2280E-3
0.6449-3 3.6146-3 3.1904-3 6.9068-3 2.1721-3 0.4412-3
0.0586-2 0.6176-2 0.7303-2 1.1491-2 1.0143-2 0.3381-2
, 'SIGMN 26 3 6 6
0.17 0.23 0.27 0.16 0.08 0.02 0.01
0.37 0.28 0.11 0.06 0.03 0.01 0.0
0.36 o.~S 0.16 0.09 0.04 0.01 0.0
0.07 0016 0.30 0.2.2 0.15 0.06 0.03 0.01 0.0
0.04 0.14 0.36 0.26 0.14 0.05 0.01 0.0 0.0





ASSEMBl.Y 48 SPHERICAL MODEL DTK INPUT 16.3.1978)
-1 0 2 3 1 0 2 1
3 0 0 4 0 100 20 20
















C REACTIVITY AND KINETIC PARAMETERS BY THE PERTURBATION METHOD USING
C ONE DIMENSIONAL MULTIGROUP SN CODE DTK MADE BY KEISUKE KOBAYASHI











































TEST DATA FOR TP-1 PERTURBATION FOR ZPR-3 AsSEMBLY 48 SPHERICAL MODEL.
661 1 1 100 1 000
PU239 PU240 PU241 PU242 U 235
1*
II
RE~CTIVITY ~NO KINETIC PARA~ETERS BY THE PERTURBATION ~ETHOD USING ONE OI~ENSIONAl MUlTIGROUP SN CODE OTK.
N
TEST DAT~ FOR TP-l PERTURBATION FOR IPR-) ASSE~BlY 48 SPHERICAl MODEL.
NU~RER OF FISSILE ISOTOPE IFM: 6
NU~8ER OF DElAYED NEUTQON GROUPS 6














































FlUXES AND ADJOINTS FOR All FOllOWING PERTURBATION CAlUCUlATIONS ~RE OBTAINED BY USING THE fOLLOWING CDMPOSITIONS
IN SUCCEEDING REGIONS












l ~ENGE= 200000 lASTRs 8992 IRISs 19100B
LEN- 500 LAST I = 71 IDIF,. 429
CRITICALITY FACTOR FOR DIRECT EOUATJON
CRITICALITY FACTOR FOR ADJOINT FOUATION




CROSS SECTIONS CORRECTlY PREPARED
CORRECTION TO THE CRITICALITY FACTCR OF DTK WHERE AN ISOTOPE INDEPENDENT FISSION SPECTRU~ IS USED FOR PRO~PT AND DElAYED
FISSION NEUTRONS
CORRECTEO CRITICAllTY FACTOR FÜR NORMAL EOUATION 1.001595E+OO IRO:-l.163E-03)
ME~N GENERATION TI/olE= 2.595l00E-07SEC
EFFECTIVE DElAYED NEUTRON FRACTION FOR EACH ISOTOPE
MIXT'JRE INDEX=
GROUP PIJ239 PU240 PU241 PU242 U 235 U 238 RO\; SUM
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2 0.0 0.0 O.:l 0.0 0.0 0.0 0.0
3 0.1) 0.0 0.0 0.0 0.0 0.0 0.0
4 0.0 0.0 0.0 0.0 0.0 0.0 0.0
5 0.0 0.0 0.0 0.0 0.0 0.0 0.0
6 0.0 0.0 0.0 0.0 0.0 0.0 0.0
SUM 0.0 0.0 0.0 0.0 0.0 0.0 0.0
"'IA'UKl: INUl:A= ~
GROUP PU239 PU240 PU241 PU242 U 235 U 238 RO\; SUH
1 5.B0305E-05 9.B3343E-07 3.34634E-07 9.40B04E-l0 1.49094E-06 1.92195E-058.0059BE-05
2 4.379B3E-0'o 9.B1B50E-06 7.B4B61E-06 4.6966BE-OB B.55BBOE-06 2.0T40BE-04 6.71664E-04
3 3.35774E-04 6.B6235E-06 5.B9225E-~6 3.B536BE-OB 7.50714E-06 2.43739E-04 S.9geI2E-04
4 5.19S5BE-'4 1.27469E-'5 1.35359E-05 1.004B5E-07 1.65612E-OS 5.94B06E-04 1.15T31E-03
5 1.62790[-04 4.6S141E-06 6.30279E-06 5.30517E-OB 5.196B1E-06 3.44161E-0'o S.231SSE-04
6 5.531BSE-::l5 1.053B'oE-06 5.54092E-07 Z.433S6E-09 1.0555BE-06 1.1'oHOE-04 1.7270SE-04
SUH 1.S694SE-03 3.61163E-05 3.446BZE-05 2.'o2415E-07 4.03705E-OS 1.52405E-03 3.Z0470E-03
MIXTURE I NDEX= 3
GROUP PU239 PU240 PU241 PU242 U 235 U BB- RO\; SUH
1 0.0 0.0 0.0 0.0 B.9B963E-07 6.34970E-06 7.Z4767E-06
2 0.0 0.0 1).0 0.0 5.7526ZE-06 7.42776E-05 B.0030ZE-OS
3 0.0 0.0 0.0 0.0 4.9Z246E-06 B.S6790E-JS 9.06014E-05
4 0.0 O~O 0.0 0.0 1.12B50E-05 2.15S76E-04 Z.26B61E-04
5 0.0 0.0 0.0 0.0 3.56146E-06 1.25402E-0'o I.ZB969E-04
6 0.0 0.0 0.0 0.0 1.24631E-07 4.1B006E-OS 4.ZS252E-OS
SUH 0.0 0.0 0.0 0.0 Z.11511E-05 5.490B3E-04 5.76234E-04
SUH OF BETA
GROUP PU239 PUZ40 PU2fo1 PU242 U 235 U Z3B ROW SUH
1 5.B030SE-OS 9.B3343E-Ol 3.34634E-07 9.40B04E-l0 Z.3B990E-06 Z.5S6B2E-05 B.73074E-05
2 4.319B3E-04 9.BIBSOE-06 7.B4B61E-06 4.69668E-OB 1.43114E-05 Z.BI6B6E-04 1.51694E-04
3 3.35774E-04 6.B623SE-06 5.B9Z25E-06 3.B536BE-OB 1.24296E-05 3.Z941BE-04 6.90414E-04
4 5.19SSBE-04 1.21469E-OS 1.353S9E-05 1.004B5E-Ol 2.78463E-05 8.10381E-0'o 1.38411E-03
5 1.62790E-04 4.65141E-l)6 6.30Z79E-06 5.30S17E-08 8.76426E-06 4.69562E-04 6.5Z124E-04
6 5.531BBE-OS 1.OS3B4E-06 S.S409ZE-07 2.43356E-09 1.7B021E-06 1.S652IE-04 2.15230E-04
SUH I.S694SE-03 3.61163E-OS 3.446B2E-05 2.4241SE-Ol 6.75216E-OS 2.01314E-03 3.1B094E-03
EXACT PERTURBATION -....J
W
RIII GROUP CAPTURE FISSION REHOVAL SCATT.OUT SCATT. IN OUT+IN IG-li TO G FISS.SOURCE AO.FISS.SOURCE TOTAL
1 11.31 1 -3.0249E-14 -6.9921E-ll -1.3382E-l0 -6.3780E-ll 1.9SSSE-ll -4.4225E-l1 0.0 1.3462E-09 2.1761E-l0 .,2319E-09
1 11.31 Z -2.651BE-13 -2.0194E-10 -5.2018E-10 -3.1766E-10 1.11SlE-10 -2.00D9E-1O 1.412SE-12 4.317BE-09 6.6T20E-10 3.91S2E-09
1 11.31 3 -1.2611E-12 -4.7223E-10 -1.2217E-09 -7.4B1BE-l0 3.5S20E-10 -3.929BE-1O 6.7204E-12 7.1l03BE-09 1.4410E-09 6.9313E-09
1 11.31 4 -S.5131E-1Z -9.10B6E-10 -2.4320E-09 -1.4544E-09 9.S660E-10 -4.9T84E-10 Z.7064E-ll 1.03S5E-OB Z.956BE-09 B.B792E-09
1 11.31 S -1.204BE-ll -9.S710E-l0 -2.140ZE-09 -1.769BE-09 1.4131E-09 -Z.9664E-10 7.0S3BE-ll 6.7902E-09 3.1B33E-09 S.SZ31E-09
1 1l.31 6 -6.4040E-ll -1.SBZ5E-09 -6.1626E-09 -4.51SBE-09 4.4961E-09 -1.9164E-ll 1.5Z41E-10 4. Tl95E-09 5.2002E-09 3.0530E-09
1 11.31 7 -1.4669E-l0 -1.4026E-09 -1.S426E-09 -5.9911E-09 6.S3B3E-09 S.4111E-l0 Z.9ZS7E-10 Z.OS31E-09 4.S950E-09 1.04BBE-09
1 11.31 B -1.9005E-10 -1.3401E-09 -B.BOSOE-09 -1.Z141E-09 7.64Z9E-09 3.6B79E-l0 1.631SE-10 8.01SSE-10 4.416ZE-09 -3.605BE-10
1 11.31 9 -1.9092E-l0 -1.1B55E-C9 -9.0B21E-09 -1.7051E-09 7.B1SSE-09 1.1044E-10 1.S632E-10 3.1199E-10 3.9593E-09 -B.9463E-10
1 11.31 10 -3.1411E-l0 -1.03B9E-09 -B.B747E-09 -1.5195E-09 7.5930E-09 7.3449E-ll 1.3361 E-l0 1.0141E-10 3.S10BE-09 -1.1803E-09
1 11.31 11 -3.3S2SE-l0 -7.3256E-l0 -S.9230E-09 -4.8S47E-09 4.B900E-09 3.5311E-ll 1.l1S3E-1O 4.741BE-ll 2.4440E-09 -9.8560E-l0
1 11.31 12 -4.093SE-10 -S.1l1S2E-l0 -4.1493E-09 -3.157BE-09 3.2100E-09 S.Zl92E-ll B.OSSO E-ll Z.9812E-14 1.B473E-09 -9.39Z9E-10
1 11.31 13 -2.8B36E-10 -3.1BllE-l0 -2.300SE-09 -1.6939E-09 1.6124E-09 -Z.IS43E-ll Z.9464E-ll 0.0 9.S309E-10 -6.ZB1ZE-l0
1 11.31 14 -4.132SE-10 -S.3903E-10 -2.3696E-09 -1.3511E-09 1.4194E-09 6.2Z67E-ll 7.02S2E-ll 0.0 1.5435E-09 -9.50Z4E-10
1 11.31 IS -3.3SSSE-l0 -4.1616E-10 -1.S554E-09 -8.0ZBBE-l0 B.1293E-10 1.00S2E-ll 1.4222E-ll O.ll 1.0S96E-09 -7.4Z48E-l0
1 11.31 16 -1.4067E-10 -2.0398E-10 -6.2091E-10 -Z.7621E-10 Z.81B6E-l0 S.657SE-1Z 6.4144E-1Z 0.0 4.652ZE-10 -3.390SE-10
1 11.31 11 -3.9924E-ll -6.4231E-ll -1.BS04E-l0 -8.0BllE-ll B.2033E-l1 1.1S51E-12 1.3264E-12 0.0 1.4143E-l0 -1.0300E-l0
1 11.31 lB -9.S912E-12 -2.4866E-ll -4.5044E-ll -1.12B7E-ll 1.lS90E-ll 3.0319E-13 3.0757E-13 0.0 4.4736E-ll -3.3454E-ll
1 11.31 19 -4.1471E-13 -2.4917E-13 -1.350BE-12 -6.Z690E-13 6.3694E-13 1.003SE-14 9.3138E-1S 0.0 1.0907E-12 -7.1391E-13
1 11.31 20 -1.2IS9E-13 -1.4047E-13 -3.3264E-13 -7.0574E-14 7.33 33E-14 2.75BBE-15 2.1302E-15 0.0 3.531BE-13 -2.5931E-13
1 11.31 21 -2.6560E-15 -2.1006E-15 -6.8424E-15 -2.0854E-15 2.2360E-15 1.5068E-16 6.6999E-lT 0.0 B.7319E-15 -4.6064E-15
1 11.31 22 -1.5986E-16 -1.2603E-15 -2.6BB6E-15 -1.26B2E-15 1.3246E-15 5.6401E-17 1.98lTE-17 0.0 2.58B3E-15 -1.3640E-15
1 11.31 23 -4.1167E-17 -1.2130E-16 -2.3390E-16 -6.5426E-17 7.28S6E-17 7.4301E-1B 2.13S5E-18 0.0 4.4866E-16 -1.6104E-16
1 11.31 24 -1.0254E-17 -1.9250E-17 -3.3233E-17 -3.7293E-18 5.6366E-1B 1.907ZE-1B Z.6T35E-19 0.0 4.5525E-lT -2.1S97E-17
1 11.31 25 0.0 0.0 0.0 0.0 5.210SE-19 5.210SE-19 1.073SE-20 0.0 0.0 5.2105E-19
1 11.31 26 0.0 0.0 0.0 0.0 1.5909E-19 1.5909E-19 0.0 0.0 0.0 1.5909E-19
1 11.31SUH -2.9568E-09 -1.2103E-08 -6.4665E-09 -4.9595E-OB 4.9449E-OB -1.46Z1E-10 1.3179E-09 3.B64SE-OB 3.8648E-OB 2.3431E-OB
2 33.93 1 -1.3738E-14 -3.l156E-ll -6.0118E-ll -2.8961E-ll 9.2l64E-12 -1.9750E-ll 0.0 6.7117E-IO 9.5321E-ll 6.202lE-lO
2 33.93 2 -1.1535E-13 -9.1836[-11 -2.2626E-IO -1.38l7E-lO 5.2944E-ll -8.5229E-ll 6.4138E-13 2.:l758E-09 2.8984E-lO 1.9025E-09
2 33.93 3 -5.3228E-13 -1.9931E-IO -5.l563E-10 -3.l519E-10 1.54l6E-lO -1.6163E-lO 2.9690E-12 3.6811E-09 6.1465E-lO 3.3196E-09
2 33.93 4 -2.2911E-12 -4.0347E-lO -1.0107E-09 -6.0443E-lO 4.085lE-lO -1.9592E-lO 1.1665[-11 4.8534E-09 1.2482E-09 4.2512E-09
2 33.93 5 -5.0602E-12 -4.0200E-lO -1.1509E-09 -7.4334E-lO 6.2933E-lC -1.140lE-10 2.9062E-ll 3.0138E-09 1.3980E-09 2.5522E-09
2 33.93 6 -2.90l7E-ll -7.1703E-lO -2.7923E-09 -2.046lE-09 2.0377E-09 -8.4657E-12 6.4806E-l1 2.1194E-09 2.4581E-09 1.3648E-09
2 33.93 7 -6.8749E-ll -6.5735E-lO -3.5350E-09 -2.8078E-09 3.0515E-09 2.4369E-l'O 1.3205E-lO 9.J91J5E-IO 2.270lE-09 4.2558E-lO
2 33.93 8 -8.7460E-ll -6.1669~-10 -4.0520E-09 -3.3475E-09 3.5l89E-09 1.7138E-lO 7.5324E-ll 3.4743E-IO 2.1858E-09 -1.8571E-lO
2 33.93 9 -8.6379E-ll -5.3634E-lO -4.l091E-09 -3.486lE-09 3.5707E-09 8.4620E-ll 7.0594E-ll 1.3203E-lO 1.97l1E-09 -4.0638E-lO
2 33.93 10 -1.3628E-lO -4.5073E-lO -3.8503E-09 -3.2624E-09 3.301l~-09 4.4191E-ll 5.9569E-ll 4.2147E-ll 1.7074E-09 -5.0100E-10
2 33.93 11 -1.3701E-10 -2.9938E-10 -2.4206E-09 -1.9840E-09 2.0106E-09 2.6620E-ll 4.8014E-11 1.9468E-11 1.1340E-09 -3.9054E-lO
2 33.93 12 -1.5714E-lO -2.2323E-IO -1.5928E-09 -1.2l22E-09 1.2386E-09 2.6346E-ll 3.2753E-ll 1.2133E-14 8.l2l3E-10 -3.5426E-IO
2 33.93 13 -1.0810E-lO -1.199lE-lO -9.67l9E-10 -6.3853E-lO 6.3266E-IO -5.8773E-12 1.1507E-11 0.0 4.0527E-lO -2.3453E-lO
2 33.93 14 -1.7582E-IO -2.0025E-lO -8.8032E-lO -5.04l7E-10 5.3109E-10 2.69l7E-ll 2.1066 E-ll 0.0 6.3627E-IO -3.4923E-10
2 33.93 15 -1.2589E-10 -1.5636E-lO -5.8356E-IO -3.0l23E-lO 3.0659E-10 5.3648E-12 5.3935E-12 0.0 4.3429E-lO -2.1691E-10
2 33.93 16 -5.3l01E-ll -7.7000E-ll -2.3439E-10 -1.0427E-10 1.0690E-10 2.6326E-12 2.4703E-12 0.0 1.8948E-IO -1.2749E-10
2 33.93 17 -1.4647E-ll -2.3564E-ll -6.7884E-ll ~2.9671E-ll 3.0254E-ll 5.8235E-13 4.9786E-13 0.0 5.6577E-ll -3.7631E-ll
2 33.93 18 -3.3227E-12 -9.2926E-12 -1.6833E-ll -4.2179E-12 4.3525E-12 1.3464E-13 1.1693E-13 0.0 1.7668E-ll -1.2481E-l1
2 33.93 19 -1.6595E-13 -8.7096E-14 -4.1218E-13 -2.l913E-13 2.2411E-13 4.9800E-15 3.3793E-15 O. ,) 4.1737E-13 -2.4807E-13
2 33.93 20 -4.2823E-14 -4.9471E-14 -1.1 7l5E-13 -2.4855E-14 2.6039E-14 1.1843E-15 7.6982E-16 0.0 1.3248E-13 -9.l109E-14
2 33.93 21 -8.7906E-16 -6.9524E-16 -2.2647E-15 -6.9020E-16 7.5295E-16 6.2750E-17 2.3007E-17 0.0 3.1815E-15 -1.5ll7E-15
2 33.93 22 -S.2769=-17 -4.1601E-16 -8.8748E-16 -4.l861E-16 4.4340E-16 2.4793E-17 6.5713E-18 0.0 9.4608E-16 -4.4408E-16
2 33.93 23 -1.6817E-17 -4.3247E-17 -8.3394E-17 -2.3327E-,17 2.6401E-17 3.0742E-18 9.7014E-19 0.0 1.6549E-16 -S.6993E-17
2 33.93 24 -3.7510E-18 -7.0422E-18 -1.21S7E-17 -1.3643E-18 2.1B7E-18 8.0947E-19 9.6874E-20 0.0 1.6993E-17 -9.9837E-18
2 33.93 25 0.0 0.0 0.0 0.0 2.2820E-19 2.2820E-19 4.0008E-21 0.0 0.0 2.2820E-19
2 33.93 26 0.0 0.0 0.0 0.0 6.9812E-20 6.98l2E-20 0.0 0.0 0.0 6.98l2E-20
2 33.93SUM -1.19l1E-09 -5.21l6E-09 -2.7967E-08 -2.1559E-08 2.1601E-08 4.2210E-ll 5.7450E-10 1.7925E-08 1.7925E-08 1.1559E-08 -.J
~
INTEGRAl 1 -6.1307E-09 -1.4l71E-05 -2.7l22E-OS -1.2927E-OS 4.0771E-06 -8.8495E-06 0.0 2.9333E-04 4.291SE-05 2.7029E-04
INTEGRAL 2 -5.2018E-08 -3.96l1E-05 -1.0204E-04 -6.2312E-05 2.3675E-05 -3.8637E-05 2.8624E-07 9.l409E-04 1.3075E-04 8.3573E-04
PHEGRAl 3 -2.4185E-07 -9.0564E-05 -2.3429E-04 -1.4349E-04 6.9559E-OS -7.3921E-05 1.3338E-06 1.628lE-03 2.7854E-04 1.4634E-03
INTEGRAL 4 -1.04SlE-06 -1.840S=-04 -4.6l05E-04 -2.7512E-04 1.8507E-04 -9.0652E-05 5.2726E-06 2.1498E-C3 5.671lE-04 1.8738E-03
INTEGRAL 5 -2.302lE-06 -1.8288E-04 -5.2360E-04 -3.3817E-04 2.8S08E-04 -5.3089E-05 1.3287E-OS 1.37 28 E-O 3 6.2898E-04 1.1343E-03
INTEGRAL 6 -1.2956E-05 -3.20l6E-04 -1.2468E-03 -9.l362E-04 9.0979E-04 -3.8324E-06 2.9391E-05 9.4835E-04 1.0869E-03 6.1l36E-04
INTEGRAL 7 -3.0453E-05 -2.9ll8E-C4 -1.5658E-03 -1.2437E-03 1.3530E-03 1.0926E-04 5.9017E-OS 4.0817E-04 9.9348E-04 1.9534E-04
INTEGRAL R -3.8907E-OS -2.7434E-04 -1.8026E-03 -1.4892E-03 1.5652E-03 7.606SE-05 3.34!l3 E-0 5 1.5681E-04 9.56l9E-04 -8.0S32E-05
INTEGRAl q -3.8S83E-05 -2.3957E-04 -1.8354E-03 -1.557lE-03 1.S941E-03 3.6992E-OS 3.1546E-05 5.9952E-05 8.6116E-04 -1.8134E-04
INTEGRAL 10 -6.1496E-05 -2.0340E-04 -1.7375E-03 -1.4722E-03 1.4909E-03 1.8768E-05 2.6102E-05 1.9229E-05 7.4989E-04 -2.2132E-04
INTEGRAL 11 -6.2770E-05 -1.37l6E-04 -1.1090E-03 -9.0895E-04 9.l971E-04 1.0752E-05 2.l708E-05 8.9086E-06 5.0348E-04 -1.8038E-04
PHEGRAl 12 -7.3198E-05 -1.0398E-04 -7.4196E-04 -5.6466E-04 5.7614E-04 1.1475E-05 1.5025E-05 5.5641E-09 3.6528E-04 -1.6582E-04
1 NTEGRAl 13 -S.0884E-05 -5.6l34E-05 -4.0595E-04 -2.9892E-04 2.9588E-04 -3.0400E-06 5.3352E-C6 0.0 1.8380E-04 -1.1008E-04
INTEGRAL 14 -8.2636E-05 -9.4l21E-05 -4.1377E-04 -2.3697E-04 2.4913E-04 1.2l57E-05 1.2595E-05 0.0 2.9085E-04 -1.6464E-04
INTEGRAL 15 -S.90l0E-05 -7.3292E-OS -2.1354E-04 -1.4120E-04 1.4350E-04 2.3087E-06 2.5207E-06 0.0 1.9882E-04 -1.3003E-04
INTEGRAL 16 -2.4848E-OS -3.6032E-05 -1.0968E-04 -4.879lE-05 4.99S9E-05 1.1681E-06 1.1526E-06 0.0 8.6886E-05 -5.9723E-05
INTEGRAL 17 -6.9084E-06 -1.1114E-05 -3.2019E-OS -1.3995E-05 1.4249E-05 2.5374E-07 2.3334E-07 0.0 2.6065E-05 -1.7770E-OS
I 'HEGRAL 18 -1.5592E-06 -4.3605E-06 -7.8989E-06 -1.9792E-06 2.0396E-06 6.0411E-08 5.46l0E-08 0.0 8.1673E-06 -5.8593E-06
INTEGRAL 19 -7.9361E-OB -4.1651E-08 -2.2580E-01 -1.0479E-01 1.0697E-01 2.1773E-09 1.S989E-09 0.0 1.9458E-01 -1.1883E-07
INTEGll.Al 20 -2.0434E-08 -2.3607E-C8 -5.590lE-08 -1.1960E-08 1.2396E-08 5.3584E-IO 3.6464E-10 O.J 6.2l02E-08 -4.3505E-08
INTEGRAL 21 -4.2722E-IO -3.3789=-11J -1.1006E-09 -3.3S44E-10 3.6405E-lO 2.8609E-ll 1.1059E-ll 0.0 1.5035E-09 -7.3658E-10
UHEGRAl 22 -2.5666E-ll -2.0234E-IO -4.3l67E-10 -2.036lE-10 2.1476E-IO 1.il52E-1l 3.1918 E-12 0.0 4.4669E-lO -2.1690E-lO
INTEGRAL 23 -7.9963E-12 -2.0S64E-ll -3.9654E-ll -1.1092E-ll 1.2496E-l1 1.4039E-12 4.6200E-13 0.0 7.7938E-ll -2.7158E-l1
INTEGRAL 24 -1.7706E-12 -3.3242E-12 -5.7389E-12 -6.4400E-13 1.Oil3E-12 3.6729E-13 4.S852E-14 0.0 7.9764E-12 -4.7276E-12
TNTEGRAl 25 0.0 0.0 0.0 0.0 1.0274E-13 1.0274E-13 1.8788E-15 0.0 0.0 1.0274E-13
INTEGRAL 26 0.0 ':>.0 0.0 0.0 3.14l5E-14 3.1415E-14 0.0 0.0 0.0 3.1415E-14
INTEGRAL SUM -5.4795E-04 -2.3562E-C3 -1.2630E-C2 -9.7240E-03 9.7312E-03 7.2385E-06 2.S894E-04 7.9595E-03 7.9595E-03 5.0604E-03
